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It is of great significance to study the spatial-temporal variations of the thickness of the gas hydrate stability zone (GHSZ) to understand the decomposition, migration, accumulation and dissipation of gas hydrate, the corresponding relationship between bottom-simulating reflectors (BSRs) and gas hydrate, and the distribution of heterogeneous gas hydrate. We selected the Dongsha region in the South China Sea (SCS) as the research object to calculate the spatial-temporal variation of the GHSZ since 10 Ma, analyzed the main factors affecting the thickness of the GHSZ, discussed the dynamic accumulation processes of gas hydrate, and proposed an accumulation model of gas hydrate in the Dongsha region. The results show that the thicknesses of the GHSZ in the study area were between 0 m and 100 m from 10 to 5.11 Ma, and the relatively higher bottom water temperature (BWT) was the key factor leading to the thinner thickness of the GHSZ during this period. From 5.11-0 Ma, the thickness of the GHSZ gradually increased but showed several fluctuations in thickness due to changes in the geothermal gradient, seawater depth, BWT, and other factors. The decrease in the BWT was the main factor leading to GHSZ thickening from 5.11 to 0 Ma. The thicknesses of the GHSZ are between 110 m and 415 m at present. The present spatial distribution features show the following characteristics. The GHSZ in the deep canyon area is relatively thick, with thicknesses generally between 225 m and 415 m, while the GHSZ in other areas is relatively thin, with thicknesses between 110 m and 225 m. Based on the characteristics of the GHSZ, two hydrate accumulation models are proposed: a double-BSRs model due to thinning of the GHSZ and a multilayer hydrate model due to thickness changes of the GHSZ, with single or multiple BSRs.
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1 Introduction

The gas hydrate stable zone (GHSZ), as a necessary condition for hydrate accumulation, is of great significance for gas hydrate exploration and exploitation (Kvenvolden, 1993; Sloan and Koh, 2008; Collett, 2009; Lei et al., 2021). The GHSZ is the range of thermodynamic equilibrium of three- phases of compounds composed of natural gas hydrate (NGH), water and gas (Rempel and Buffett, 1997), and its distribution characteristics are mainly affected by temperature, pressure, gas composition and pore water salinity. Changes in these parameters lead to changes in the thickness and spatial-temporal distribution characteristics of the GHSZ (Foucher et al., 2002; Haacke et al., 2007; Zander et al., 2017).

Researchers have shown that the spatial-temporal variations of the GHSZ are closely related to the origin and mechanism of multiple bottom-simulating reflectors (BSRs), the BSR and the dynamic accumulation process of gas hydrate. Therefore, studying the spatial-temporal variation of the GHSZ can help us understand the dynamic decomposition, migration, accumulation and dissipation of gas hydrate, and the spatial distribution characteristics of gas hydrate (Bangs et al., 2005; Haacke et al., 2007; Pecher et al., 2017; Lei et al., 2021; Song et al., 2022; Zhang et al., 2022).

Previous studies have shown that the formation mechanism of some multiple BSRs is the thinning of the GHSZ due to the rise in the formation temperature, decrease in pressure, shallow seawater depth, tectonic uplift and other reasons. The hydrate formed in the early stage migrates out of the GHSZ, decomposes the gas hydrate and leaves the lower paleo-BSR. The decomposed gas and the newly migrated gas migrate upward to the new GHSZ and form hydrate accumulation and new BSR in the upper layer (Foucher et al., 2002; Bangs et al., 2005; Haacke et al., 2007; Pecher et al., 2017; Zander et al., 2017; Song et al., 2022). In the multiple BSRs that have this origin, no gas hydrates are present above the lower BSR, while there are gas hydrates above the upper BSR in the present GHSZ (Foucher et al., 2002; Bangs et al., 2005; Haacke et al., 2007; Pecher et al., 2017; Zander et al., 2017). In addition, the development of vertical multilayer gas hydrate and its relationship with BSR in the GHSZ may be closely related to the variation of the GHSZ and the multistage accumulation and damage of hydrates (Majumdar et al., 2016; Lei et al., 2021; Song et al., 2022). Therefore, the study of the spatial-temporal evolution of the GHSZ plays an important role in understanding the formation mechanism of the double\multiple BSRs.

At present, previous studies on the dynamic accumulation process of BSR and current hydrate mainly explain the correlation between BSR and current hydrate accumulation based on the fine anatomy of high-resolution seismic data and the characteristics of current hydrate accumulation (Horozal et al., 2017; Zhang et al., 2020; Zhang et al., 2022). However, these studies did not consider that the area of stable hydrate accumulation, the GHSZ, may change as the change of external environment. Due to the uncertainty of the GHSZ, the relationship between BSR and dynamic hydrate accumulation will also change. In recent years, the spatial-temporal evolution of the GHSZ and the dynamic accumulation relationship between BSR and hydrates was began to explore (Piñero et al., 2014; Burwicz et al., 2017; Wang et al., 2017a; Kroeger et al., 2019; Song et al., 2022). Piñero (2014), Burwicz (2017), Wang (2017a) and Kroeger (2019) specially considered the characteristics of the GHSZ with times in their model about dynamic hydrate accumulation. Song (2022) studied the spatial-temporal variation of the GHSZ and the relationship between double BSRs in the Shenhu area of the South China Sea (SCS), and elaborated the possible relationship between the evolution of the GHSZ and the GHSZ (Song et al., 2022). Recent studies have shown that the spatial-temporal variation of GHSZ plays an important role in understanding the dynamic accumulation process of BSR and gas hydrate.

Therefore, it is of great significance to study the spatial-temporal variation of the thickness of the GHSZ, and to understand the origin of BSR; the corresponding relationship between BSR and gas hydrate; the dynamic decomposition, migration, accumulation and dissipation of gas hydrate; and the hydrate accumulation models and to improve the exploration effect of gas hydrate.

Based on this information, this paper chose the Taixinan Basin of the northern South China Sea (SCS) as the research object, selected the appropriate methods and parameters; simulated the spatial-temporal variations of the GHSZ and distribution characteristics in the study area; discussed the dynamic decomposition, migration, accumulation and dissipation of gas hydrates related to the change in the GHSZ; and proposed a model of gas hydrate accumulation in the Dongsha region. This study provides a reference and inspiration for understanding the distribution pattern of gas hydrate and reducing the multiple solution of BSRs in the Dongsha region.



2 Geological background

The area of gas hydrate development in the Dongsha region is located in the continental margin of the Taixinan Basin in the northeast SCS (Figure 1A). The Taixinan Basin experienced three tectonic variation stages: the late Paleocene–early Oligocene continental margin rifting stage, late Oligocene–middle Miocene continental margin depression stage and late Miocene–Holocene passive continental margin rifting stage (Yi et al., 2007). Therefore, a tectonic pattern of north–south zones and east–west blocks was formed in the study area (Zhang, 2016).




Figure 1 | Geographic location and coring site characteristics of the Dongsha region. (A) Tectonic units of the southwest Taiwan Basin (data resource: Li et al., 2020). (B) Seawater depth and location characteristics of coring sites in the Dongsha region.



Multiple sets of source rocks of Jurassic, Cretaceous, Paleogene and Neogene ages are present in the Taixinan Basin (Zhang, 2016). The total organic carbon (TOC) contents of Jurassic and Cretaceous offshore terrestrial shale ranges from 0.7% to 2.4%, and the organic matter maturities range from 0.5% to 1.39% (Wang, 2016). The TOC contents of coal measure strata from upper Oligocene to lower Miocene deposits range from 0.5% to 2.0%, and organic matter maturities range from 0.56% to 1.03% (Wang, 2016; Zhang, 2016). These three sets of strata are important source rocks of thermogenic hydrocarbons in the Taixinan Basin. The marine mudstone strata of the upper Miocene and Quaternary are good biogenic source rocks (Gong et al., 2017; Li et al., 2021) with TOC contents ranging from 0.42% to 1.13% and organic maturities ranging from 0.2% to 0.6% (He et al., 2013).

Migration channels such as faults and mud diapirs are present in the Dongsha region (He and Liu, 2008). NW–NWW and NNE–NEE faults are the main faults in the study area (Yi et al., 2007) (Figure 1A). NW–NWW faults were formed during the continental margin rifting period from 56 to 17 Ma (Gong et al., 2008; Wang, 2016), and NNE–NEE faults were formed during the Dongsha movement which began at 10.2 Ma (Zhao et al., 2012; Li et al., 2015). In addition, a large number of cone-shaped, dome-shaped and even elongated gas chimneys are present near the fault active zone in the Dongsha region (Zhang, 2016; Sha et al., 2019). These faults and mud diapirs communicate with gas source stoves and the GHSZ, which are important channels for upward gas migration to the GHSZ in the Dongsha region (Zhang, 2016).

The present seawater depths in the Dongsha region are between 700 m and 1900 m (Zhang et al., 2014a). The pressures at the drilling sites range from 7.4 MPa to 17.7 MPa (Wang, 2016). The geothermal gradients range from 40°C/km to 90°C/km (Li et al., 2015). The heat flow values range from 60 Mw/m2 to 90 Mw/m2 (Sha et al., 2015a). The bottom water temperatures (BWTs) range from 2°C to 5°C. The sedimentation rates in the Dongsha region have been between 3.1 cm/ka and 7.4 cm/ka since the middle Pleistocene (Sha et al., 2019). Consequently, the Dongsha region has the temperature and pressure conditions conductive to the formation and preservation of gas hydrate. In 2013, the Guangzhou Marine Geological Survey (GMGS), Ministry of Land and Resources and China Geological Survey (CGS) drilled 13 stations in the research area, and hydrate was found in the cores from 5 stations (Zhang et al., 2014a; Zhang et al., 2014b; Sha et al., 2015b). NGHs occur in silty clays in massive, nodular, nodular, vein-like and dispersed forms (Zhang et al., 2014b). The thicknesses of the hydrate layer in this region are between 6 m and 37 m, the porosities of the sediments are between 55% and 65%, and the saturation values of the hydrate are approximately 45% to 100% (Zhang et al., 2014b). Sufficient gas sources, widely distributed migration channels, appropriate temperature and pressure conditions and drilling results indicate that the research area is a favorable gas hydrate exploration area.



3 Methodology and parameters


3.1 Methodology

The GHSZ is the range where the three phases of NGH, water and gas reach thermodynamic equilibrium, which is mainly limited by temperature, pressure and salinity (Figure 2) (Kvenvolden, 1993; Rempel and Buffett, 1997). The intersection of the geothermal gradient and temperature−pressure phase equilibrium boundary below the seafloor is the bottom boundary of the GHSZ, the bottom is the top boundary of the GHSZ, and the vertical distance between the top and bottom boundary is the thickness of the GHSZ. Therefore, the thickness of the GHSZ can be calculated by using the temperature and pressure phase balance formula of gas hydrate combined with the geothermal gradient curve (Dickens and Quinby-Hunt, 1994; Bishnoi and Dholabhai, 1999; Sloan and Koh, 2008).




Figure 2 | Calculation diagram of the GHSZ thickness controlled by ocean temperature (T) and pressure (P).



When calculating the thickness of the GHSZ, it is assumed that the gas consists entirely of methane. The boundary of the methane hydrate phase under temperature–depth control can be derived from the equilibrium formula of the hydrate phase (Formula 1) and the transformation equation of pressure and depth (Formula 2) to obtain the relationship between the temperature and depth of the hydrate phase boundary. The methane GHSZ is a function of depth (pressure) and temperature (Max, 1990; Miles, 1995). Here, the hydrate phase equilibrium formula fitted by Miles (1995) based on laboratory data of methane hydrate was used to calculate the thickness of the GHSZ (Equation. 1):



where P is the pressure, in MPa, and T is the temperature, in °C.

According to the liquid pressure equation, the conversion relationship between pressure and depth can be obtained as follows (Equation 2):



where Patm is atmospheric pressure, with a value of 0.101325 MPa; D is the present seawater depth, in m; 𝜌 is seawater density, with a value of 1035 kg/m3; g is gravity, with a value of 9.81 m/s2, and h is the thickness of the GHSZ, in m.

The calculation formula of the geothermal gradient is Equation 3:



where T is the BWT, in °C; Ti is the sediment temperature at point i, in °C; hi is the vertical distance to the seafloor at point i, in m; and G is the geothermal gradient, in °C/m.

According to the above formula, the hydrate phase boundary formula related to temperature and depth is obtained by using hydrate phase equilibrium formula and liquid pressure formula. The distance from the intersection point of the geothermal gradient to the seafloor sediment is the thickness of the GHSZ. At present, the Colorado School of Mines Hydrate program (CSMHYD) is a mainstream software to calculate the thickness of the GHSZ. However, this program cannot be used for batch calculation, and can not meet the needs of large-scale area research.

In this study, a program for calculation the thickness of GHSZ was written according to the above theoretical formulas. This procedure chose C language as the programming language, which can realize the fast mass calculation. The 100 rows (W-E direction) * 68 columns (N-S direction) nodes, totaling 6400 total nodes, will be set on the plane for the characteristics of the 3D plane GHSZ in the study area. The areas without control points are interpolated using the Kriging interpolation technique in the Surfer software. The characteristic of 1D and 2D GHSZ is obtained by intercepting the 3D plane, which is convenient for comparison and analysis with the actual profile.



3.2 Parameters


3.2.1 Present parameters

Present parameters include the present formation water pressure, present BWT, and present geothermal gradient and density. The present measured drilling pressure in the study area shows that the shallow formation is under hydrostatic pressure (Wang, 2016). Therefore, the present seawater depth (D) can be used to calculate the present formation water pressure. The present seawater depths in the study area are approximately 700 ~1900 m (Figure 1B) (Zhang et al., 2014a). The seawater depths west of Sites W15-W16 and to the east of Sites W08-W11 are large, ranging from 1350 m to 1900 m. The seawater depths in other areas are relatively shallow, mainly varying from 700 m to 1350 m (Figure 1B). The present BWT data are derived from the fitting formula (Equation 4) of the BWT (Ts) and seawater depth (D) established by Zhu (2007) (Figure 3). The results show that the BWTs are is between 2.83°C and 5.66°C in the study area. The present geothermal gradient refers to the plane distribution map of the present geothermal gradient in the Dongsha region according to the measured geothermal gradient in the Dongsha region drawn by Li et al. (2015). In addition, it is assumed that the seawater density (ρ) in the study area is always constant, and the value is 1.035g/m3 (Wang et al., 2013).

 




Figure 3 | BWT characteristics in the Dongsha region, northern SCS.



where Ts is the BWT, in °C.



3.2.2 Paleo-parameters

On the premise that atmospheric pressure and seawater density do not change, the paleo-calculated parameters include the paleo-seawater depth, paleo-BWT and paleo-geothermal gradient. The relative trend of the adopted paleo-parameters is shown in Figure 4.




Figure 4 | Relative trend of the paleo-parameters used to simulate the historical variation in the GHSZ.



The depth of paleo-seawater is an important parameter to calculate the thickness of the paleo-GHSZ. Paleo-seawater depth (Dp) is a function of the present seawater depth (D), relative sea level variation (ρH1) and seafloor subsidence (ρH2) (Formula 5). Changes in the relative sea level over time (ρH1) reference the research results of Pang et al. (2007) on the history of changes in relative sea level in the Pearl River Mouth Basin; the changes in submarine subsidence over time (ρH2) and the changes in depositional thickness over time (ρH3) reference the research results of Hu et al. (2019) on the history of seabed burial subsidence in the northern SCS. The changes in relative sea level over time (ρH1), seafloor subsidence over time (ρH2) and changes in depositional thickness over time (ρH3) are the changes in paleo-seawater depth, and the values are shown in Figure 4.



where Dp is the paleo-seawater depth, in m; ρH1 is the history of relative sea level fluctuation, in m; ρH2 is the history of seafloor subsidence, in m; and ρH3 is the history of the depositional thickness, in m.

Lear et al. (2015) used δ18O and Mg/Ca values of benthic forams to estimate the variation in the paleo-BWTs since 17 Ma at ODP Site 806 in the adjacent study area. The relative characteristics of the parameters are shown in Figure 4. The change in the geothermal gradient refers to the variation in the geothermal gradient of Liu et al. (2018), and the characteristics of the relative change are shown in Figure 4.





4 Results

Using the above methods and parameters, the variation processes of the thickness of the GHSZ since 10 Ma in the Dongsha area were calculated, and the results are shown in Figures 5–7.




Figure 5 | Characteristics of the GHSZ at different sites since 10 Ma.






Figure 6 | Characteristics of the GHSZ in the 2D profile. (A) 5.11 Ma, (B) 3.28 Ma, (C) 3 Ma, (D) 1.64 Ma, (E) 0.85 Ma, (F) 0.68 Ma, (G) 0.07 Ma, (H) 0 Ma.






Figure 7 | Characteristics of the GHSZ in the Dongsha region. (A) 5.11 Ma, (B) 3.28 Ma, (C) 3 Ma, (D) 1.64 Ma, (E) 0.85 Ma, (F) 0.68 Ma, (G) 0.07 Ma, (H) 0 Ma.



The thickness characteristics of gas hydrate in the GHSZ at a single site since 10 Ma show the following characteristics. From 10 to 5.11 Ma, the thicknesses of the GHSZ on the east and west sides of the study area were very thin, generally less than 25 m. From 5.11 to 0 Ma, the thicknesses of the GHSZ gradually thickened, but there were several fluctuations in thickness processes due to temperature, pressure, seawater depth and other factors (Figure 5).

The thickness characteristics of the GHSZ in the 2D section at Sites W09, W07, W08, W05 and W16 are shown in Figure 6. The thicknesses of the GHSZ from 10 to 5.11 Ma were generally less than 10 m. At 5.11 Ma, the thicknesses of the GHSZ in the deep canyon area between W05 and W16 were relatively large, with values ranging from 70 m to 80 m. The thicknesses of the GHSZ in other areas were generally less than 10 m (Figure 6A). At 3.28 Ma, the thicknesses of the GHSZ increased significantly. The GHSZ in the deep canyon area between Sites W05 and W16 was approximately 230 m, and the thicknesses of the GHSZ in other areas were between 90 m and 180 m (Figure 6B). At 3 Ma, compared with 3.28 Ma, the thickness of the GHSZ was reduced. The thickness of the GHSZ in the deep canyon was approximately 200 m, and the thicknesses of the GHSZ on both sides of the canyon were between 50 m and 140 m (Figure 6C). Compared to 3 Ma, the GHSZ thickened significantly at 1.64 Ma. The thickness of the GHSZ in the deep canyon area between Sites W05 and W16 increased to approximately about 240 m, while the thicknesses of the GHSZ in other areas varied between 100 m and 220 m (Figure 6D). At 0.85 Ma, the thickness of the GHSZ in the deep canyon zone increased to 300 m, and the thicknesses of the GHSZ in other areas ranged from 120 m to 230 m (Figure 6E). At 0.68 Ma, the thickness of the GHSZ obviously decreased. The thickness of the GHSZ between Sites W05 and W16 in the deep canyon zone decreased to 220 m, and the thicknesses of the GHSZ in other areas were approximately 40 m to 210 m. The thickness of GHSZ between Sites W08 and W09 decreased the most, mainly between 40 m and 70 m (Figure 6F). At 0.07 Ma, the thicknesses of the GHSZ increased significantly. The thickness of the GHSZ in the deep canyon zone increased to 320 m, and the thicknesses of the GHSZ in other areas also increased, ranging from 180 m to 260 m (Figure 6G). Compared to 0.07 Ma, the thickness of the GHSZ at 0 Ma was slightly reduced. The thickness of the GHSZ in the canyon area with deep water was approximately 300 m, and the thicknesses of the GHSZ in other areas were approximately 170 m to 260 m (Figure 6H).

The plane distribution maps showing the thickness of the GHSZ in the Dongsha region in different geological periods is given (Figure 7). Since 5.11 Ma, several thinning processes of gas hydrate in the GHSZ have occurred in the study area with the trend of increasing overall thickness. At 5.11 Ma, the thicknesses of the GHSZ in the study area were relatively thin, ranging from 0 m to 100 m. The thicknesses of the GHSZ at Site W16 in the western, northwestern and northeastern parts of the study area were generally less than 10 m, and the thicknesses of the GHSZ in the southeastern parts of the study area were relatively thick (Figure 7A). Compared to 5.11 Ma, the thickness distribution of the GHSZ at 3.28 Ma was significantly thicker, and the thicknesses ranged from 90 m to 310 m (Figure 7B). At 3 Ma, the thickness of the GHSZ became thinner overall, and the thicknesses ranged from 0 m to 258 m (Figure 6C). At 1.64 Ma, the GHSZ thickened obviously, with thicknesses between 90 m and 330 m (Figure 7D). The thickness of the GHSZ at 0.85 Ma continued to increase, and the thickness values were between 110 m and 390 m (Figure 7E). The thicknesses of the GHSZ at 0.68 Ma were thinner, ranging from 0 m to 306 m (Figure 7F), and the thicknesses of the GHSZ at 0.07 Ma were thicker, ranging from 125 m to 470 m (Figure 7G). At 0 Ma, the GHSZ became thinner, and the thicknesses ranged from 110 m to 415 m (Figure 7H). The present spatial distribution characteristics of the thickness of the GHSZ in the Dongsha region are as follows: the thickness of the GHSZ in the northeastern and northwestern regions is the thinnest. The thicknesses of the deep canyon between W11, W12, W16 and W15 are thicker, generally between 225 m and 415 m, while the thicknesses of the GHSZ in other areas are thinner, between 110 m and 225 m. The thickness distribution of the GHSZ at different ages is consistent with that at the present, but the thickness of the GHSZ is different at different times.



5 Discussion


5.1 Main factors affecting the thickness changes of the GHSZ

Previous studies have shown that the seawater depth, geothermal gradient, and BWT are all important factors influencing the GHSZ (Collett, 2009). In these previous studies, the relationship between the parameters and the thickness of the GHSZ was determined by ansatze method (Paull et al., 1991; Milkov and Sassen, 2003; Wang and Lau, 2020) or linear correlation coefficient analysis (Wang et al., 2017b; Xiao et al., 2020). Then the influence of the parameters changes on the dynamic accumulation of hydrate was obtained. However, due to the lack of consideration of the time variation process of each parameter, the discussion results usually cannot accurately match the previous variation of the thickness of GHSZ. Therefore, these methods cannot get an accurate conclusion of how much the parameter changes affect the dynamic accumulation process of hydrate.

The single-factor sensitivity analysis method can provide a more accurate analysis of the impact of the change of a single uncertain factor on the results. Apply the true changing values of these paraments. The actual variation value of the thickness of GHSZ is calculated. Taking Site W16 as an example, the single-factor sensitivity analysis method is used to analyze the factors affecting the thickness of the GHSZ. Under the condition in which all other factors remain unchanged, the influence of the change in one factor on the thickness of the GHSZ is discussed.

Figure 5 shows the thickness characteristics of the GHSZ at Site W16. The thickness of the GHSZ is less than 10 m from 10 to 5.11 Ma. When other conditions remain unchanged, the geothermal gradient decreases from 44.05 °C/km at 10 Ma to 38.53 °C/km at 5.11 Ma, and the GHSZ thickens by 28.78 m. Similarly, the depth of seawater decreases from 464.20 m at 10 Ma to 885.00 m at 5.11 Ma, and the GHSZ thickens by 207.49 m. When other conditions remain unchanged, the temperature of the BWT decreases from 12.80 °C at 10 Ma to 12.58°C at 5.11 Ma, and the thickness of the GHSZ remains unchanged at 0.57 m. In conclusion, only when the BWT changes does the thickness of the GHSZ always change less than 10 m, which is the most consistent with the actual situation, in which the thickness of the GHSZ is less than 10 m. The higher BWT is the main reason for the thickness of the GHSZ being less than 10 m, which occurred from10 to 5.11 Ma.

According to the thickness characteristics of the GHSZ at Site W16 (Figure 4), from 5.11 to 0 Ma, the GHSZ thickens from 0.52 m to 214.70 m. As shown in Figure 8, when other conditions remain unchanged, the geothermal gradient decreases from 38.53°C/km at 5.11 Ma to 34.70°C/km at 10 Ma, and the GHSZ thickens by 26.56 m. When other conditions remain unchanged, the depth of seawater decreases from 464.20 m at 5.11 Ma to 885.00 m at 0 Ma, and the thickness of the GHSZ decreases by 3.75 m. When other conditions remain constant, the BWT increases from 12.58 °C at 5.11 Ma to 5.34°C at 0 Ma, and the GHSZ thickens from 0.58 m to 214.70 m. In conclusion, only when the BWT changes is the thickness change of the GHSZ (214.12 m) close to that of the actual GHSZ (214.18 m). The higher BWT is the main reason for the GHSZ thickening to 214.70 m from 5.11 to 0 Ma.




Figure 8 | Effects of the geothermal gradient, BWT and seawater depth on the thickness of the GHSZ since 10 Ma.





5.2 Hydrate accumulation models related to GHSZ variation

NGHs revealed by seismic data and drilling in the Dongsha region have complex spatial distribution rules and strong heterogeneity. Double BSRs, different correspondences between NGHs and BSRs, and vertical multilayer NGHs are developed at some sites (Figure 9) (Zhang et al., 2014a; Zhang et al., 2014b; Li et al., 2015; Zhang et al., 2015). The heterogeneity of the spatial distribution of gas hydrates and the complexity of the relationship between gas hydrates and BSRs are closely related to the dynamic decomposition, migration, accumulation and dissipation of gas hydrates caused by the change in the thickness of the GHSZ and the coupling relationship between the GHSZ, gas source and migration channels. According to Zhang et al. (2017), the gas hydrates in the Dongsha region experienced at least three hydrate accumulation stages (0.78-0.357 Ma, 0.357-0.107 Ma and 0.107-0.063 Ma) and two hydrate destruction stages (0.33-0.107 Ma and 0.063-0.0466 Ma). Based on the analysis of the thickness characteristics of the GHSZ mentioned above, this section analyzes the dynamic accumulation processes and model of gas hydrate in the Dongsha region in combination with the seismic data and the geological age of gas hydrates formation revealed by drilling.




Figure 9 | Distribution characteristics of single site hydrate in the Dongsha region (data resource: Zhang et al., 2014b; Wang, 2016).



Point A near Site W08 in the Dongsha region shows obvious double BSRs (Figure 10A) (Li et al., 2015). The seawater depth at this point is 1118 m, and the upper BSR (BSR-1) is located1327 meters below sea level (mbsl) (209 meters below the seafloor (mbsf)), while the lower BSR (BSR-2) is located at 1419 mbsl (301 mbsf) (Li et al., 2015). According to the present BWT (4.22°C), geothermal gradient (50 °C/km), seawater depth (1118 m) and formation pore water salinity (3.5% NaCl), the thickness of the present GHSZ at point A is 203 m, that is, the bottom boundary of the GHSZ at point A is basically consistent with the position of BSR-1. BSR-2 is located 92 m below BSR-1, and its possible formation mechanisms are as follows: one mechanism is the formation of gas hydrate above BSR-2 from deep thermogenic gas or a mixture of thermogenic gas and biogenic gas. The other mechanism may be due to the thinning of the GHSZ and the migration of NGH from the early stage to the bottom of the GHSZ, resulting in the resolution and escape of the hydrate and the residual paleo-BSR. The organic geochemical analysis results of the gas hydrate analytical gas at Site W08 show that the proportions of CH4 in the total hydrocarbon gas range from 99.94% to 99.96%, and the proportions of C2H6 in the total hydrocarbon gas range from 0.03% to 0.06%, δ13C1 values range from -68.4 ‰ to -71.2 ‰, and δD1 values range from -182 ‰ to -184 ‰. These results indicate that it is a typical biogenic gas (Sha et al., 2019). The schematic diagram of the hydrate phase equilibrium curve of different gas components (Figure 11) shows that if BSR-2 is a BSR formed by thermogenic gas components, namely, only 98% CH4+2% C3H8, or 80% CH4 and 20% C2H6, then the thickness of the bottom boundary of the GHSZ is consistent with that of BSR-2, and the thickness of the GHSZ is approximately 203 m, as calculated from the gas hydrate gas composition at Site W08, which is consistent with that of BSR-1. Therefore, BSR-2 near point A was not formed due to the existence of thermal gas but was more likely to be the residual paleo-BSR caused by the destruction of the NGH that was formed due to the thinning of the GHSZ.




Figure 10 | (A) Seismic refection characteristics of double BSRs across point A at Site W08 (modified from: Li et al., 2015). (B–D) Hydrate accumulation model of a double BSRs model due to thinning of the GHSZ at point A at Site W08.






Figure 11 | Calculation of the GHSZ with different hydrate gas compositions at point A at Site W08.



According to the factors of BSR-1 and BSR-2 at point A near Site W08, combined with the natural gas source, the variation of the GHSZ and the stages of hydrate accumulation and dissipation, the hydrate accumulation model of a double BSRs model due to thinning of the GHSZ at point A is proposed (Figure 10). Before 0.357 Ma, biogenic gas migrated to the GHSZ through faults, mud volcanoes and other channels to form gas hydrate and formed the early BSR (BSR-1) (Figure 10B). During 0.33-0.107 Ma, the thickness of the GHSZ at point A was reduced due to changes in the geothermal gradient and BWT. The formed hydrate and BSR (BSR-2) moved below the bottom boundary of the GHSZ, and the hydrate was destroyed (Figure 10C). If the permeability of the formation surrounding the early NGH was very low or there was little convection, and a large amount of free gas still existed in the original hydrate reservoir, the early BSR-2 did not disappear. During 0.107-0 Ma, biogenic gas generated in the late period of the hydrocarbon source range migrated to the GHSZ along faults and mud volcanoes, forming new hydrates and new BSR (BSR-1) (Figure 10D). The abovementioned characteristics of gas hydrate decomposition, migration, accumulation and dissipation due to the thickness change of the GHSZ and multistage biogas migration along the channel led to the formation of no gas hydrate above the deep BSR-2 at point A and the development of gas hydrate at the upper part of shallow BSR-1.

Sites W07, W08, W09 and W16 in the Dongsha region all contain multilayer hydrate development, as shown by drilling (Zhang et al., 2014b), and the formation of multilayer gas hydrate at some sites is also related to the variation of the GHSZ. For example, two hydrate layers were drilled at Site W16, the shallow hydrate layers were distributed 15 m to 30 m below the seafloor, and no obvious BSR was found below the hydrate. Hydrate existed in argillaceous siltstones and sandstones as nodules, and the saturation value were between 32% and 65%. Hydrate is distributed in the deeper layer 189 m to 226 m below the seafloor. Hydrate occurs in mud in dispersive and vein-like forms, and the saturation values are 24% to 36% (Zhang et al., 2014b; Wang, 2016; Zhang et al., 2017). A geochronological analysis of gas hydrate in this area shows that the shallow gas hydrate at Site W16 formed between 0.063 and 0.107 Ma, and the lower gas hydrate formed between 0.78 and 0.357 Ma (Zhang et al., 2017).

Combined with the historical variations of the GHSZ at Site W16, the hydrate accumulation model of a multilayer hydrate model due to the thickness change of the GHSZ at Site W16 is proposed (Figure 12). From 0.78 to 0.357 Ma, biogenic gas migrated to the GHSZ along faults, mud volcanoes and other channels and formed NGHs and BSRs (Figure 12A). After hydrate formation, the thickness of the GHSZ became thicker due to the decrease in the geothermal gradient, deeper seawater depth and lower BWT. Meanwhile, due to formation subsidence and deposition of new strata, the relative relationship between the GHSZ and formation changed, and the depth of hydrate occurrence became deeper (Figure 12B). During the period from 0.357 to 0.107 Ma, the thickness of the GHSZ first thickened, then became thinner, and then thickened due to the decrease, increase, and decrease in the BWT. However, the gas hydrate formed in the early stage was still located in the GHSZ (Figure 12C). Due to the decrease in the geothermal gradient and BWT, the thickness of the GHSZ became thinner, reaching to 214.70 m. At this time, the biogas generated by hydrocarbon source stokes migrated to the GHSZ along faults, mud volcanoes and other channels to generate new gas hydrates. If the free gas content in the lower part of the hydrate is high and the properties of the hydrate reservoir and underlying layer are different, a new BSR may also be formed. Otherwise, there may be no obvious BSR in the lower part of the hydrate (Figure 12D).




Figure 12 | (A–D) Hydrate accumulation in a multilayer hydrate model due to thickness change in the GHSZ at Site W16. (E) Thickness variation in the GHSZ at W16 since 1 Ma.



The above analysis shows that the thickening, thinning and thickening process of the GHSZ is closely related to the dynamic accumulation processes of gas hydrate decomposition, migration, accumulation and dissipation due to changes in external conditions, such as the geothermal gradient and seawater depth. By understanding the processes of the GHSZ, the combination of hydrate formation time and geologic time, the gas source, the migration channel coupling relationship of the GHSZ, etc., which help in clarifying the dynamic accumulation processes of gas hydrate and to further understanding the hydrate and free gas, the spatial distribution pattern of BSRs, hydrates and corresponding relationship with the BSR is of great significance.




6 Conclusions

Based on the variations in seawater depth, BWT, geothermal gradient and other parameters in the Dongsha region, Taixinan Basin, South China Sea, the thickness variations of the GHSZ in the Dongsha region are studied, and two hydrate accumulation models of gas hydrate related to the thickness changes of the GHSZ are discussed.

	1. During the period of 10 to 5.11 Ma, the thickness of the GHSZ in the study area was thin, with values ranging from 0 m to 100 m. The higher BWT was the key factor leading to the thinner thickness of the 10-5.11 Ma GHSZ. From 5.11 to 0 Ma, the GHSZ generally showed a trend of gradually thickening. However, due to the changes in the seawater depth, BWT, geothermal gradient and other factors, several fluctuations in thickness occurred. The decrease in the BWT was the key factor leading to GHSZ thickening during the period of 5.11 to 0 Ma. The thickness of the GHSZ reached a maximum at approximately 0.07 Ma, with values ranging from 125 m to 470 m. The thicknesses of the GHSZ are between 110 m and 415 m in the Dongsha region at present. The thickness of the GHSZ in the northeastern and northwestern regions is the thinnest. The present spatial distribution features of the GHSZ in the deep canyon area are thicker, with thicknesses generally between 225 m and 415 m, while the GHSZ in other areas is thinner, with thicknesses between 110 m and 225 m.

	2. Two hydrate dynamic accumulation models related to the variation in the GHSZ in the Dongsha region, northern SCS. The first hydrate accumulation model is a double BSRs model that shows the formation as due to the thickness change in the GHSZ. The thinning of the GHSZ leads to the migration of the early hydrate and BSR out of the GHSZ to form the residual BSR in the lower part, and there is no hydrate development above the BSR. The gas in the late migration to the new GHSZ reaccumulates hydrate and forms a new BSR. The second hydrate accumulation model is a multilayer hydrate model, with single or multiple BSRs due to the general change in the thickness of the GHSZ.
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